OBJECTIVES We compared exercise echocardiography and exercise cardiac magnetic resonance imaging with simultaneous invasive pressure registration (ExCMR ip ) for the assessment of pulmonary vascular and right ventricular (RV) function.
T here is broad agreement that exercise-induced pulmonary hypertension is an important clinical finding with diagnostic and prognostic utility in a broad range of cardiac and pulmonary vascular conditions (1) . Echocardiography remains the primary screening tool for pulmonary vascular disease. However, echocardiographic estimation of pulmonary artery pressure (PAP) during exercise is not routine because of concerns regarding the imprecision and lack of standardization of exercise measures (2, 3) .
Recent studies demonstrated a consistent nearly linear relationship between changes in PAP and cardiac output (CO) (1, (4) (5) (6) with an expected increase in mean pulmonary artery pressure (mPAP) of w1 to 2 mm Hg/l/min of CO representing a normal pulmonary vascular response and any value greater than 3 mm Hg/l/min being suggestive of pathology (1) . This represents a more physiological STUDY DESIGN. Cardiopulmonary exercise testing was performed on an upright cycle ergometer to determine maximal exercise power. On the same day, echocardiography was performed with subjects at both rest and during incremental exercise at 25%, 50%, and 66% of maximal upright exercise power, as previously described (7,8).
Within 24 h after exercise echocardiography, all subjects underwent exercise ExCMR ip at the same workloads as for the echocardiography protocol.
Before exercise, a 7-F pulmonary artery catheter was inserted in the internal jugular vein and guided under fluoroscopy to the proximal right main pulmonary artery. In the CMR suite, these catheters were attached to CMR-compatible pressure transducers that were connected to a PowerLab recording system (AD Instruments, Oxford, United Kingdom). Pressure measurements were continuously recorded during the exercise CMR protocol and analyzed off-line using LabChart v6.1.1 (AD Instruments). All pressure measurements were averaged over 10 consecutive cardiac cycles during unrestricted respiration (1). Biventricular volumes were measured during supine cycling exercise using a real-time CMR method that we previously validated against invasive standards (7). In brief, subjects performed supine exercise within the CMR bore using a cycle ergometer with adjustable electronic resistance (Lode, Groningen, the Netherlands). Images were acquired with a Philips Achieva 1.5-T CMR with a 5-element phased-array coil (Philips Medical Systems, Best, the Netherlands).
ECHOCARDIOGRAPHY. Resting and exercise echocardiography was performed on a semisupine cycle
Using an in-house-developed software program (RightVol, Leuven, Belgium), left ventricular and RV end-diastolic volume, end-systolic volume, and SV were calculated by a summation of disks ( Figure 2B ). 
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RESULTS
The clinical characteristics of the 61 subjects are summarized in Table 1 . Table 2) . The difference in sPAP was <10 mm Hg in 41 of 57 subjects (72%) and >20 mm Hg in 5 subjects (9%). Similarly, for mPAP, the difference was <10 mm Hg in 47 subjects (83%) and >20 mm Hg in 1 subject (2%).
At peak exercise, echocardiography-derived sPAP and mPAP correlated strongly with invasive measures ( Figure 3A ). There was no significant bias between invasive and echocardiographic measures of sPAP at peak exercise, whereas echocardiography overestimated mPAP ( Table 2) . The difference in peak exercise invasive and echocardiography-derived sPAP was <10 mm Hg in 20 of 42 subjects (48%) and
>20 mm Hg in 4 subjects (10%). Echocardiography for Pulmonary Vascular and RV Function -2 0 1 5 : ---Considering all workloads, echocardiographic estimates of mPAP were higher than those measured invasively (þ5.1 AE 6.9 mm Hg; p < 0.0001), whereas the bias in sPAP was not statistically significant (mean bias þ1.6 AE 11.6 mm Hg; p ¼ 0.055). The bias in mPAP remained significant when CTEPH and post-PEA patients were excluded (mean bias þ4.9 AE 6.7 mm Hg; p < 0.0001). Analysis of the relationship between invasive sPAP and mPAP revealed an excellent linear
When the values at each exercise intensity were considered separately, the relationship between invasive sPAP and mPAP was very similar (Online At both rest and peak exercise, the correlation between RVEF and RV fractional area change was higher than that between RVEF and tricuspid annular plane systolic excursion ( Figure 5 ). An example of exercise echocardiography and ExCMR ip for the assessment of RV functional reserve in a CTEPH patient is provided in Figure 2 and Online Video 1.
The association between RVESPAR and RVESPVR was strong at rest and moderate at peak exercise ( Figure 5) . Overall, an excellent correlation was found when either sPAP or mPAP was used to calculate ( Figure 6 ).
DISCUSSION
We demonstrate that measures obtained during ex- Echocardiography for Pulmonary Vascular and RV Function -2 0 1 5 : --measures of RV function during exercise against a reference standard.
ACCURACY OF PAP ESTIMATION USING EXERCISE
ECHOCARDIOGRAPHY. Despite its role as the primary screening tool to detect pulmonary hypertension, the feasibility and robustness of Doppler echocardiography to accurately assess sPAP has been questioned, particularly during exercise (2, 13) . Compared with previous studies, we found a significantly higher feasibility of PAP estimation by echocardiography, which is likely explained by the use of colloidagitated contrast enhancement (13, 14) . Moreover, the use of multipoint exercise measurements enabled PAP/CO slope determination in 87% of subjects, even when PAP could not be determined at peak intensity exercise. This technique has significant advantages over the more commonly used method of comparing rest values with a single "peak exercise" value obtained when imaging constraints are greatest.
The use of agitated contrast enhancement may also explain the higher precision of sPAP estimates compared with some previous studies (2, 15) , although there was a tendency to overestimate sPAP, which may also be a consequence of contrast enhancement due to broadening of the spectral Doppler signal (14) . Noninvasive and invasive studies have suggested that Values are mean AE SD.
Some of this
CMR ¼ cardiac magnetic resonance; CO ¼ cardiac output; ExCMRip ¼ exercise cardiac magnetic resonance imaging combined with invasive pulmonary artery pressure estimates; mPAP ¼ mean pulmonary artery pressure; mPAP/CO ¼ mean pulmonary artery to cardiac output slope; sPAP ¼ systolic pulmonary artery pressure; sPAP/CO ¼ systolic pulmonary artery pressure to cardiac output slope; sPAP/W ¼ systolic pulmonary artery pressure to workload (in Watts) slope; SV ¼ stroke volume.
the slope of mPAP/CO ranges should not exceed 3.0 mm Hg/l/min in healthy subjects (1) . We found that mPAP/CO slopes obtained with echocardiography were consistently higher than those obtained with ExCMR ip . This resulted from both overestimation of mPAP, on the one hand, and underestimation of CO, on the other, particularly at peak exercise intensity.
Nevertheless, the echocardiography-derived mPAP/CO In this study, we found a good correlation between Echocardiography for Pulmonary Vascular and RV Function -2 0 Echocardiography for Pulmonary Vascular and RV Function -2 0 1 5 : ---
